We have considered the emission of nonequilibrium acoustic phonons in the process of spin-flip transitions of electrons in nonsymmetric quantum wells. The spin splitting of the electron energy spectra causes the modifications of the energy and angular distributions as functions of the transverse voltage. The spin-flip contribution to the emission rate is substantial for the phonons being emitted at considerable angles to the normal direction. The intensity of phonon emission for such angles increases several times for InAs-based quantum wells, due to the contribution of spin-flip transitions. ͒. To the best of our knowledge, all these investigations dealt with spin-degenerate electron systems. At the same time, recent measurements of electron transport in the narrow-gap InAs-based 4,5 ͑and in the p-type GaAs-based 6 ͒ nonsymmetrical heterostructures clearly show a spin-splitting energy of the order of a few meV, for heavily doped structures. This energy falls in the energy range of acoustic phonons ballistically propagating through the sample. Thus, the study of nonequilibrium phonon distributions ͑among other kinetic phenomena, e.g., spin-flip transitions under THz excitation 7 or spin-dependent tunneling 8 ͒ provides an informative method for investigation of the electron-phonon interaction nonsymmetric narrow-gap quantum wells ͑QW's͒.
Acoustic phonon emission by nonequilibrium twodimensional electrons in different types of Al x Ga 1Ϫx As-based heterostructures have been intensively investigated in the past two decades ͑see Ref. 1 and materials of recent conferences 2, 3 ͒. To the best of our knowledge, all these investigations dealt with spin-degenerate electron systems. At the same time, recent measurements of electron transport in the narrow-gap InAs-based 4, 5 ͑and in the p-type GaAs-based 6 ͒ nonsymmetrical heterostructures clearly show a spin-splitting energy of the order of a few meV, for heavily doped structures. This energy falls in the energy range of acoustic phonons ballistically propagating through the sample. Thus, the study of nonequilibrium phonon distributions ͑among other kinetic phenomena, e.g., spin-flip transitions under THz excitation 7 or spin-dependent tunneling 8 ͒ provides an informative method for investigation of the electron-phonon interaction nonsymmetric narrow-gap quantum wells ͑QW's͒.
The peculiarities of phonon emission depend upon the spin splitting of the electron energy spectrum in the QW. As it is shown in Fig. 1 , the electron dispersion law is determined not only by the two dimensional ͑2D͒ momentum p but also by the spin quantum number ϭϮ1 in the following way: p ϭp 2 /(2m)ϩv s p. Here is the spin projection onto the direction along ͓pϫv s ͔ and the characteristic spin velocity v s is along the normal to the 2D plane. This velocity is proportional to the applied transverse voltage and its numerical value is determined by the nonsymmetrical confined potential. Note that the dispersion law p is inplane isotropic, because there is no distinguished direction in the 2D plane. Since the spin-split energy at the Fermi level s ϵ2v s p F is equal to 3-4 meV for typical parameters of n-type InAs QW's (p F is the Fermi momentum͒, the transitions between spin-split levels make a substantial contribution to the rate of acoustic-phonon emission under consideration. In this paper, we calculate the energy and angular distributions for the case of deformation electron-phonon interaction. The numerical estimations are done for the heavily doped QW's ͑with electron concentration of about 10 12 cm Ϫ2 ).
Based on the previous theoretical descriptions of acoustic phonon emission by 2D electrons 9, 10 we express the differential energy flux as ␦Gϵ‫ץ‬ 2 G/(‫ץץ‬⍀), i.e., energy flux per unit solid angle, area, and frequency interval, through the rate of acoustic-phonon emission from nonsymmetrical QW, I(,). This differential flux is written as ␦G͑,͒ϭ
where is an acoustic-phonon frequency, is a propagation angle with respect to the normal direction, and s is the longitudinal sound velocity. The rate of emission for a phonon with 3D wave vector Q in Eq. ͑1͒, I Q ϵI(,), is given by the general expression 
Here, the deformation interaction between the acoustic phonon with the linear dispersion law Q ϭsQ and the electrons is described by the bulk matrix element ͉C Q ͉ 2 and the overlap factor ͦ͗␣͉exp(ϪiQ•r)͉␤ͦ͘ 2 . The electron states in Eq. ͑2͒ are denoted by ͉␣͘, ͉␤͘, with corresponding energies ␣,␤ and distribution functions f ␣,␤ . If only the lowest subband is occupied, and the parabolic approximation is valid for the electron dispersion law, the electron states in Eq. ͑2͒ take the form ͉␣͘ϭ͉0͉͘p͘ where ͉0͘ corresponds to the ground state of transverse motion and the spinor ͉p͘ is determined by the eigenstate equation ͑see a more detailed description in Ref. 7͒:
where m is the effective mass, are the Pauli matrices, and ͉Ϯ1͘ are the spin eigenvectors. Using Eq. ͑3͒, we transform the overlap factor in I Q to the form
The function (a) is written for the case of flat-band QW, 11 i.e., we suppose here that the drop of the potential across the QW is smaller than the energy of electron quantization in QW with the given width d, and the wave vector is written as Qϭ(q,q Ќ ). The spin-dependent matrix element ͗p͉ЈpЈ͘ is expressed through the wave functions in Eq. ͑3͒ as follows:
͑5͒
After simple transformations of Eq. ͑5͒ we obtain
so that the spin-flip transitions are forbidden in the case of zero momentum transfer (pϭpЈ). Thus, the general expression ͑2͒ for the rate of phonon emission is transformed into
Here, we introduced the characteristic relaxation rate ϭ(Dp F ) 2 m/(ប 4 s), v F ϭ p F /m is the Fermi velocity, D is the deformation potential, and is the density of the heterostructure. Elastic properties of the heterostructure are supposed to be uniform. In the following we neglect a small in-plane anisotropy of electron distribution function and suppose that f ( p ) is the quasiequilibrium distribution function with the electron temperature T e and the Fermi energy F . In order to perform the angle integration in Eq. ͑7͒, we use the ␦ function taking into account that only small cos(p,pЈ) are essential, if sin ӷs/v F . Upon this integration, we obtain the differential energy flux in the form
and the second term in Eq. ͑8͒ describes the contribution of spin-flip transitions. We use here the notation p(q) ϵͱp 2 ϩ(បq/2) 2 and the characteristic energy flux ␦Ḡ is determined as
The main contributions to the integral in formula ͑8͒ come from the momentums of the order of p F , and an exponential cutoff of ␦G(,) takes place under the condition បq/p F Ͼ1, i.e., we again suppose that is not small. Further analytical simplifications are based on the inequality T e / F Ӷ1, which allows us to replace the exponential drop of ␦G by the step function and to obtain
where q Ќ dϭ⍀(p F d/ប)cos . We have also introduced in Eq. ͑10͒ the dimensionless frequency ⍀ϭប/sp F , temperature tϭT e /sp F , and parameter ␥ϭv s /s.
The numerical calculations have been performed for the InAs-based QW with the width 10 nm and spin-splitting energy s varied from zero ͑symmetric QW͒ to 3.5 meV, in agreement with the experimental data. 4, 5 The energy distribution of the emitted phonons for different angles of propagation is plotted in the units ␦Ḡ Ӎ0.7ϫ10 Ϫ16 J/cm 2 sr in Fig. 2 . Since the spin-flip matrix element is vanished for the small-momentum transfer case, which corresponds to the small-angle region, we do not consider here Ͻ15°, where ␦G(,) increases substantially ͑see discussion in Ref. 10͒ . Figure 2͑a͒ shows the energy dependencies of ␦G calculated by the simplified formula ͑10͒ for the maximal spin-splitting energy, at different temperatures. The phonon emission has a threshold at the cutoff energy 2sp F /sin for the not-smallangle region ͑see Ref. 12͒ and ␦G increases as the inverse square root at threshold if T e / F Ӷ1. These results demonstrate strong temperature dependencies of near-threshold peaks. More accurate calculations based on Eq. ͑8͒ show the smearing of the thresholds, but the dependence of the cutoff energy on spin-splitting energy is weak, because v s Ӷv F ͓see Fig. 2͑b͔͒ . Nevertheless, the maximum value of ␦G is substantially increased in the threshold region ͑up to two times for ϭ45°if F is variated from 0 to 3.5 meV͒. Note also, that Eq. ͑10͒ overestimates the peak values of ␦G, compared to Eq. ͑8͒, as shown by an additional dotted line for ϭ45°in Fig. 2͑b͒ .
The emission intensity is introduced by ⌬G() ϭ͐ 0 ϱ d␦G(,), and simple numerical integration of Eq. ͑10͒ ͓or Eq. ͑8͔͒ provides us with the angular dependence of ⌬G(). The plots of ⌬G versus for different s and T e and ⌬G versus T e for different and T e are presented in Figs. 3͑a͒ and 3͑b͒ , respectively. The characteristic intensity ⌬Ḡ is equal to 0.16 mW/cm 2 sr for the above used param- eters. The angle dependencies of the emission intensity demonstrate the sharp increase for the small-angle region and ⌬G vanishing as →/2. Besides, the ⌬G() drops in the region around 20°͓see Fig. 3͑a͔͒ , where the transition occurs from the hump-type energy distribution ͓curves for ϭ15°i n Fig. 2͑a͔͒ to the threshold-type curves. The spin-fliptransition contributions are most essential in the region of intermediate angles ͓/4-/3͔, where ⌬G increases with both the spin-splitting energy and the electron temperature. The variation of ⌬G with s is substantial ͑up to several times͒ for low temperatures, while for the region T e Ͼ10 K the emission intensity increases only by 10-30 %. The contribution of spin-flip transitions is greater for the lower doping levels, when the ratio v s /v F increases. Thus, the low-doped structures are more promising for studying spin-flip transitions.
In conclusion, we have studied the new channel of phonon emission due to spin-flip transitions of electrons in the nonsymmetric narrow-gap quantum wells. Our considerations were based on the parabolic model of 2D electronic states ͑the nonparabolic corrections to p and to electronphonon matrix element are of the order of F / g Ӷ1; g is the band-gap energy͒ and on temperature approximation for nonequilibrium electron distribution. 13 We also neglected the near-surface modifications of the phonon modes; according to recent calculations of electron relaxation rates, 14 this effect is not essential if the top cladding layer width is bigger than d. We have obtained substantial modification of the energy and angular distributions of the emitted phonons due to spin-flip contribution for the angles far from the normal direction. Thus this new channel of phonon emission can be studied experimentally by direct measurements. In addition the investigation of nonequilibrium spin distribution of electrons becomes possible, due to considerable variation of the matrix element ͑6͒. More sensitive measurements of phonon emission can be possible in a quantized magnetic field, where the peculiarities of spin-split Landau level should be essential. It is also interesting to examine the phonon emission by photoexcited carriers with the energies near the extrema of spin-split bands.
